IL-5, IL-3, and GM-CSF are hematopoietic cytokines that are key mediators of the allergic inflammatory response. The receptors for these three cytokines consist of a cytokine-specific α (Rα) chain and a shared common β (βc) chain. Herein, we demonstrate that agonistic ligation of these receptor subunits rapidly induces proteasomal degradation of the βc, but not the Rα, cytoplasmic domain, resulting in termination of signal transduction and yielding a truncated βc isoform ligated to the Rα subunit. Proteasomal degradation of the βc cytoplasmic domain was also a prerequisite for endocytosis and lysosomal degradation of the ligated receptor subunits. Moreover, proteasome-dependent termination of signaling induced by one βc-engaging cytokine resulted in cellular desensitization to signal transduction by subsequent stimulation with another βc-engaging cytokine. These data provide the first evidence for ligand-dependent proteasomal degradation of the βc cytoplasmic domain, and they establish a novel mechanism for heterotypic desensitization of shared cytokine receptor signaling.
vesicles fuse with early endosomes, where receptors are either sorted for recycling back to the plasma membrane or are targeted into late endosomes and ultimately degraded in lysosomes. Proteasomes have also been implicated in degradation of the c-kit, PDGF-β, Met tyrosine kinase, growth hormone, IL-2Rβ, IL-9Rα, and erythropoietin transmembrane receptors (21) (22) (23) (24) (25) (26) . Prolongation of JAK/STAT signal transduction induced by IL-2, IL-3, and erythropoietin in the presence of proteasome inhibitors has further suggested that proteasome degradation could be an important mechanism for terminating cytokine receptor signals (27) (28) (29) (30) .
Herein, we provide the first evidence for ligand-dependent proteasomal degradation of the βc cytoplasmic domain, resulting in a truncated receptor isoform designated βc intracytoplasmic proteolysis (β IP ). Analysis of the functional consequences of the β IP isoform demonstrates that proteasomal degradation is a mechanism for both rapid termination of βc signaling and for heterotypic desensitization to all of the βc-engaging cytokines.
Methods
Cell culture. The human erythroleukemic cell line TF1 (31) was cloned by limiting dilution in media containing 5 ng/ml IL-5. The TF1-F11 clone was selected for its strong proliferative responsiveness to IL-5, IL-3, and GM-CSF. It was maintained in RPMI 1640 supplemented with 10% FBS, 10 mM HEPES buffered saline solution (Sigma Chemical Co., St. Louis, Missouri, USA), 50 mM β-mercaptoethanol, 10 µg/ml gentamicin, and 5 ng/ml human IL-5. All experiments used the TF1-F11 clone, herein denoted TF1. For the kinetic analyses, TF1 cells were depleted of IL-5 for 24-48 hours in RPMI 1640 containing 10% FBS. After cytokine starvation, cells were harvested, counted, and placed in media supplemented with 5-10 ng/ml of IL-5, IL-3, or GM-CSF for the indicated times. Recombinant human IL-5 was baculovirusexpressed and affinity-purified as previously described (32) . IL-3 and GM-CSF were purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA). The proteasome inhibitor N-acetyl-L-leucinyl-L-leucinyl-norleucinal (LLnL) and the lysosomal inhibitor bafilomycin A 1 were purchased from Sigma Chemical Co. and were used at final concentrations of 50 µmol/l and 200 nmol/l, respectively. MG132, clasto-lactacystin β-lactone, and cytochalasin D were purchased from Calbiochem-Novabiochem Corp. (San Diego, California, USA), and were used at final concentrations of 50 µmol/l, 20 µmol/l, and 10 µmol/l, respectively. All inhibitors were dissolved in 100% DMSO. All experiments were repeated at least three times with consistently reproducible results.
Immunoprecipitation and immunoblot assays. TF1 cells were cytokine-starved for 24-48 hours and stimulated with 5-10 ng/ml IL-5, IL-3, or GM-CSF for the indicated times. For all assays done with proteasome, endocytosis, and lysosome inhibitors, cells were cytokinestarved for 24-48 hours, pretreated with each of the inhibitors for 1 hour at 37°C, and then stimulated with IL-5 (10 ng/ml). For the restimulation assays, cells were cytokine-starved for 24 hours and treated with 20 ng/ml IL-5 for the indicated times. At the end of each incubation period, cells pretreated with IL-5 were harvested, washed once in PBS, and transferred to IL-3-containing media (20 ng/ml) for 5 minutes. For all immunoprecipitation and immunoblot (IP/IB) assays, protein lysates were prepared after lysis in buffer containing 50 mM Tris (pH 8.0), 0.5% NP-40, 280 mM NaCl, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 mM sodium orthovanadate, 1 µg/ml leupeptin, and 1 µg/ml pepstatin. Approximately 2-3 mg total protein was incubated with 2 µg of anti-βc monoclonal antibody (S-16; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), 2-3 µg of anti-soluble-IL-5Rα (anti-sIL-5Rα) polyclonal antibody (R&D Systems Inc.), or 2-3 µg of the monoclonal antibody 4G10 (Upstate Biotechnology Inc., Lake Placid, New York, USA) for 2 hours on ice. Immunocomplexes were collected on protein G-agarose beads, separated by 8 or 12.5% SDS-PAGE, and electroblotted to Immobilon-P membrane (Millipore Corp., Bedford, Massachusetts, USA). Proteins were detected by incubating the blots with the antibodies described above or with anti-βc amino terminal N-20 polyclonal antibody and carboxy terminal C-20 polyclonal antibody from Santa Cruz Biotechnology Inc., and carboxy terminal polyclonal antibody from Upstate Biotechnology Inc.; anti-ubiquitin monoclonal antibodies from Santa Cruz Biotechnology Inc. and Zymed Laboratories (South San Francisco, California, USA); or with anti-JAK2 antiserum and anti-STAT5 polyclonal antibodies (Upstate Biotechnology Inc.), followed by incubation with enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA).
Deglycosylation of IL-5Rα isoforms. Deglycosylation of anti-IL-5Rα immunocomplexes was performed with peptide N-glycosidase F (PNGase F) following the manufacturer's instructions (New England Biolabs Inc., Beverly, Massachusetts, USA). Briefly, anti-IL-5Rα immunocomplexes were collected on protein G-agarose beads and incubated for 10 minutes in 1× denaturation buffer (0.5% SDS and 1% β-mercaptoethanol). Ten percent NP-40 and 10× G7 buffer (0.5 M sodium phosphate, pH 7.5) were added to each reaction at 1/10 the volume. PNGase F (1-2 µl) was added, and the reaction mixture was incubated at 37°C for 1-2 hours. The deglycosylated proteins were analyzed by SDS-PAGE, followed by Western blotting with anti-IL-5Rα antibodies.
RT-PCR. One microgram of total RNA from TF1 cells stimulated for 1 hour with 5 ng/ml IL-5 was reversetranscribed with 250 ng of oligo(dT) primer (Stratagene, La Jolla, California, USA) according to the manufacturer's instructions. A 3′ primer corresponding to the βc poly-A + tail (bp 2929-2951) and two different 5′ primers, bp 1281-1301 (33) and bp 1376-1397, were used to amplify a βc fragment containing its transmembrane and cytoplasmic domain (approximately 1.7 kb), as well as other alternatively spliced isoforms containing deletions in their cytoplasmic domains.
Northern blotting. Samples containing 30 µg of total RNA were subjected to Northern blot analysis following standard protocols. The membranes were probed with 32 P-labeled DNA probes generated from βc PCR fragments (5′ primer, bp 1281-1301; and 3′ primer, bp 1600-1621) (33), IL-5Rα (5′ primer, bp 217-242; and 3′ primer, bp 737-758 of the IL-5Rα sequence), sIL-5Rα (same primers as for IL-5Rα), and GAPDH. Each of the PCR fragments was randomly primed with the Rediprime II kit (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) in the presence of 32 P-dCTP.
Results

IL-5, IL-3
, and GM-CSF downregulate full-length βc protein expression. TF1-F11, a clone responsive to IL-5, IL-3, and GM-CSF, was generated from the human erythroleukemic cell line TF1 (30) to investigate regulatory signaling mechanisms used by these three cytokines. This clone was used to test the hypothesis that, as a shared receptor subunit, βc might be a physiologic target for regulating a cell's responsiveness to sequential stimulation by IL-5, IL-3, or GM-CSF, and thereby may also be an important mechanism for regulation of lineage differentiation by progenitor hematopoietic cells expressing receptors for these three cytokines.
Initial studies examined whether βc levels changed after cytokine stimulation. Kinetic analyses of βc expression were performed using cells that were cytokine-starved for 24 hours, then transferred to media containing either IL-5, GM-CSF, or IL-3 ( Figure  1a ). Whole-cell lysates were prepared from cells harvested at sequential timepoints after initiation of stimulation with each cytokine, and βc protein expression was assayed by IP/IB analysis. Stimulation with each cytokine resulted in full-length βc protein levels that decreased over the first 4 hours, then returned almost to basal levels by 24 hours (Figure 1a, top arrows) .
An additional and striking observation from this analysis was the presence of a smaller, 75-to 85-kDa doublet (designated as ∆βc in Figure 1a , bottom arrow) that was present 1 hour after initiation of cytokine stimulation and disappeared by 4 hours after initiation of cytokine stimulation. Further kinetic analyses consistently demonstrated the appearance of this 75-to 85-kDa ∆βc doublet within 15 minutes of stimulation with each of the three cytokines; the doublet was maximal at 1 hour and disappeared by 2-3 hours after initiation of stimulation ( Figures 2 and 4) . We predicted that the rapid induction and disappearance of the ∆βc doublet was indicative of a tightly controlled mechanism that might serve an important regulatory function for signaling by these cytokines. Based on the ∆βc bands' molecular mass and their reactivity with a panel of domain-specific βc antibodies (anti-βc peptide polyclonal antibody N-20, encompassing amino acids 21-40, from Santa Cruz Biotechnology Inc.; polyclonal antibody against the complete βc cytoplasmic domain from Upstate Biotechnology Inc.; and anti-βc peptide polyclonal antibody C-20, encompassing amino acids 861-881, Santa Cruz Biotechnology Inc.), the ∆βc bands were characterized as βc truncations containing a complete extracellular domain, a transmembrane domain, and a small part of the intracellular membrane-proximal domain (about 25-35 amino acids of its intracytoplasmic domain). PNGase F treatment resolved the ∆βc doublet into three bands (63, 66, and 67 kDa), of which the 63-kDa and 66-kDa bands were predominant (data not shown).
To determine whether the cytokine-induced decrease in βc protein levels was due to a decrease in βc mRNA levels, Northern blot analyses were performed with total RNA from IL-5-, IL-3-, or GM-CSF-stimulated cells. βc transcripts were detected with a probe that spanned the membrane-proximal extracellular domain, the transmembrane domain, and a small piece of the membraneproximal cytoplasmic domain (amino acids 417-530). As seen in Figure 1b , βc mRNA levels were not significantly altered by IL-5, IL-3, or GM-CSF stimulation, indicating that the decrease in βc total protein was not due to a corresponding reduction in its mRNA. Since regulation of βc mRNA and protein expression was the same for IL-5, IL-3, and GM-CSF, our studies hereafter used IL-5 to further investigate βc regulation.
∆βc is not an alternatively spliced product of βc. The possibility existed that the induced ∆βc was an alternatively spliced βc isoform. RT-PCR analysis was performed (Figure transcript. No alternatively spliced βc isoforms were detected. Hence, internal alternative splicing was not the basis for ∆βc expression. Reduction in full-length βc protein expression is mediated by proteasomal degradation. Since βc and ∆βc protein levels were not regulated by cytokine-induced transcriptional mechanisms, we next investigated whether ∆βc was generated by proteolysis of the βc cytoplasmic domain. The established role of proteasomes in degrading cytoplasmic proteins, as well as several mammalian plasma membrane receptors (21) (22) (23) (24) (25) , led us to speculate that ∆βc might be generated by proteasomal degradation of the βc cytoplasmic domain. Indeed, pretreatment of cells with 50 µM of the proteasome inhibitor LLnL for 1 hour, followed by IL-5 stimulation, inhibited induction of ∆βc (Figure 2a , top panel, bottom arrow) and resulted in stable levels of full-length βc protein (Figure 2a , top panel, top arrow). Since ∆βc was a result of IL-5-induced proteasomal degradation of the βc cytoplasmic domain, we renamed the ∆βc bands β IP .
We next explored the cellular consequences of inhibiting IL-5-induced proteasomal degradation of the βc cytoplasmic domain. We hypothesized that prolonged βc tyrosine phosphorylation would be detected if the βc cytoplasmic tail was not degraded, as was the case in the presence of LLnL. When the membrane in Figure 2a (top panel) was stripped and reblotted with anti-phosphotyrosine monoclonal antibody (4G10), there was an accumulation of βc tyrosine phosphorylation in the presence of LLnL after 15 minutes of IL-5 stimulation (bottom panel, lane 4). Moreover, βc tyrosine phosphorylation was still detectable, even after 1 hour of IL-5 stimulation in the presence of LLnL (lane 6), whereas the untreated and DMSO-treated lanes returned to basal βc tyrosine phosphorylation levels (lanes 5 and 7).
To further confirm that proteasomes mediated degradation of the βc cytoplasmic domain, two additional proteasome-specific inhibitors were used. Treatment of cells with clasto-lactacystin β-lactone (β-lactone) or MG132 also inhibited the generation of β IP (Figure 2 , b and c, top panels). In addition, each of the proteasome inhibitors prolonged tyrosine phosphorylation of fulllength βc receptors ( Figure 2b , bottom panel; Figure 2c , middle panel). In contrast, β IP was not tyrosine phosphorylated (Figure 2c, middle panel) , since its cytoplasmic domain that contained the substrate tyrosine residues was degraded by the proteasomes. To examine the effect of proteasome inhibitors on downstream signaling events, the membrane shown in Figure 2c , middle panel, was stripped and reprobed with anti-JAK2 and anti-STAT5 antibodies (Figure 2c, bottom panel) . In the absence of MG132, tyrosine phosphorylation of JAK2 and STAT5 returned to about basal levels after 1 hour of IL-5 stimulation (Figure 2c, bottom panel, lane  3) . In contrast, JAK2 and STAT5 tyrosine phosphorylation was still at peak levels in the presence of the inhibitor at 1 hour (Figure 2c, lane 6, lower panel) , indicating that proteasome inhibitors also prolong IL-5-stimulated JAK/STAT signaling. Taken together, these data indicate that after IL-5 stimulation, the cytoplasmic domains of activated βc receptors are rapidly degraded by proteasomes, resulting in the generation of β IP . The data further indicate that proteasomal degradation of the βc cytoplasmic tail is an important mechanism for termination of JAK2 and STAT5 signaling.
Since most proteins that are degraded by proteasomes are modified first by ubiquitination (reviewed in ref. 34 (10 7 /lane) were cytokine-starved for 48 hours and stimulated with 5 ng/ml IL-5 for the indicated times. Total RNA was prepared for each timepoint, and 30 µg of RNA/lane were analyzed with a probe specific to the extracellular domain of IL-5Rα (detects both isoforms). GAPDH was used as an internal control.
the membrane with anti-βc antibodies (Figure 2d , right panel) demonstrated that the ladder of ubiquitinated proteins precipitated by anti-βc antibodies was comprised of several βc-associated molecules, as well as βc.
IL-5 downregulates IL-5Rα expression and simultaneously upregulates sIL-5Rα expression.
Human IL-5R is a transmembrane heterotrimer consisting of a ligand-specific, 60-kDa α subunit (IL-5Rα) and a dimer of the 130-kDa βc (3, 6). Cloning of IL-5Rα cDNA revealed alternatively spliced transcripts that correspond to the transmembrane (IL-5Rα) and soluble (sIL-5Rα) isoforms of the receptor (35, 36) . In solution, both isoforms bind IL-5 with similar affinities; therefore, the proposed role for sIL-5Rα is that of an antagonist (37) (38) (39) .
Since βc associates with IL-5Rα after IL-5 ligation, and since βc expression was downregulated after IL-5 stimulation, we investigated whether IL-5Rα and sIL-5Rα expression was regulated in a similar manner. Kinetic analyses of IL-5Rα and sIL-5Rα expression were performed using cells that were cytokine-starved for 48 hours, then transferred to media containing IL-5. At sequential timepoints, whole-cell extracts were analyzed by IP/IB with anti-IL-5Rα polyclonal antibodies specific for the extracellular domain, and thus capable of recognizing both IL-5Rα (60 kDa) and intracellular sIL-5Rα (48 kDa). IL-5Rα expression decreased in a time-dependent manner (Figure 3a, top arrow) . In contrast, intracellular sIL-5Rα expression increased 4-6 hours after initiation of IL-5 stimulation, then returned to basal levels by 24 hours after stimulation was begun (Figure 3a, bottom arrow) . Treatment of the anti-IL-5Rα immunoprecipitates with PNGase F demonstrated that the doublet bands for IL-5Rα and sIL-5Rα were due to differential glycosylation (Figure 3b, lanes 1 and 2) . The IL-5Rα doublet resolved to a single 46-kDa unglycosylated band, and the sIL-5Rα doublet resolved to a single 38-kDa unglycosylated band. PNGase F treatment of baculovirus-expressed recombinant sIL-5Rα confirmed the 38-kDa band as sIL-5Rα (Figure 3b ; compare lane 2 and lane 4, bottom arrow). The difference in migration between sIL-5Rα that was immunoprecipitated from cells, and the recombinant sIL-5Rα (Figure 3b, lanes 1  and 3) , appears to be due to differences in glycosylation by mammalian cells and the insect cells used for baculovirus expression of recombinant proteins.
As a negative control, kinetic analyses were also performed in the absence of IL-5 for the same timepoints. No changes in the protein expression of IL-5Rα or sIL-5Rα were detected (data not shown), confirming that the decrease in IL-5Rα and the increase in sIL-5Rα protein expression following addition of IL-5 to cultures were both induced by IL-5.
IL-5 decreases IL-5Rα mRNA expression. To determine whether the decrease in IL-5Rα and the increase in sIL-5Rα protein expression corresponded to changes in their mRNA levels, Northern blot analyses were performed. Total RNA from IL-5-stimulated cells was analyzed with a probe that recognized both transcripts. Stimulation of cells with IL-5 resulted in an approximately 80% reduction of IL-5Rα mRNA by 4 hours, which persisted through 24 hours of continuous stimulation (Figure 3c, top panel) . This is in agreement with the progressive decline in IL-5Rα protein levels over 24 hours (Figure 3a) . One interpretation of this finding is
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The that after IL-5 stimulation was begun, there was a reduction in IL-5Rα mRNA stability. Alternatively, since IL-5Rα is the splice product of the IL-5Rα gene, IL-5 may have induced a decrease in splicing of this transcript. By comparison, sIL-5Rα mRNA levels were similar at baseline and after 4 hours of IL-5 stimulation, then declined by approximately 50% after 24 hours of continuous stimulation (Figure 3c , middle panel). The increase in sIL-5Rα protein over the first 4 hours, coupled with stable sIL-5Rα mRNA levels, is consistent with increased sIL-5Rα translation.
Proteasome inhibitors stabilize IL-5Rα and βc receptor interaction. Since proteasome inhibitors stabilized βc protein expression in response to IL-5, we explored LLnL's effect on IL-5Rα expression. Pretreatment of cells with LLnL, followed by IL-5 stimulation for 1-3 hours, did not result in the dramatic accumulation of IL-5Rα expression at 1 hour as was seen with βc. Moreover, LLnL had no discernible effect on the fastermigrating sIL-5Rα bands (Figure 4, top panel, bottom   arrow) . Thus, the IL-5Rα isoforms were not directly regulated by proteasomes. However, there was a slight persistence of IL-5Rα over 3 hours, compared with cells not treated with LLnL ( Figure 4 , top panel, compare lanes 5 and 6). Since this slight accumulation of IL-5Rα protein occurred over a period of 3 hours of IL-5 stimulation in the presence of LLnL, we suspected that its persistence was an indirect effect of its association with βc. Therefore, we predicted that βc would still be associated with IL-5Rα at the 3-hour timepoint. To test this hypothesis, the membrane in Figure 4 , top panel, was stripped and reblotted with anti-βc antibodies (bottom panel). In the absence of LLnL, both βc and β IP coimmunoprecipitated with IL-5Rα 1 hour after initiation of IL-5 stimulation (lane 3). This interaction was undetectable by 3 hours after initiation of stimulation (lane 5). In contrast, in the presence of LLnL, there was a sustained protein/protein interaction of only full-length βc with IL-5Rα (since generation of β IP was inhibited) that was still detectable by the 3-hour timepoint (lane 6). Therefore, in addition to inhibiting degradation of βc cytoplasmic domains in response to IL-5, proteasome inhibitors also prolonged the association of fulllength βc receptors with IL-5Rα. Together, these data elucidate the sequence of events leading to the generation of β IP . First, there is the IL-5-induced ligation of IL-5Rα with full-length βc, as indicated by coimmunoprecipitation of both receptor subunits in the absence or presence of LLnL (Figure 4, bottom panel, lanes 3  and 4) . The ligation of IL-5Rα and βc is then followed by proteasomal degradation of the βc cytoplasmic domain, thereby generating β IP , as seen in the absence of LLnL (lane 3), but not in its presence (lane 4). 
Figure 7
Model of IL-5R subunit regulation following IL-5 stimulation. IL-5 engagement of IL-5Rα leads to the recruitment of βc to form the highaffinity IL-5R (step 1). This protein/protein interaction (IL-5Rα/βc/ IL-5) leads to the activation of intracellular signaling pathways that result in the activation of βc by both tyrosine and serine phosphorylation (step 2). Once activated, the cytoplasmic domains of βc are rapidly degraded by proteasomes to terminate agonistic signaling, resulting in the generation of β IP /IL-5Rα/IL-5 complexes (step 3). This molecular complex is then endocytosed (step 4) and degraded in lysosomes (steps 4 and 5). In addition, IL-5 induces a reduction in IL-5Rα mRNA and protein expression, while simultaneously increasing sIL-5Rα expression (upper left corner). S-p, serine phosphorylation.
Components of IL-5R are endocytosed and degraded in lysosomes following βc proteasomal cleavage. The concomitant disappearance of β IP and decrease in IL-5Rα led us to further predict that proteasomal degradation of the βc cytoplasmic domain was a prerequisite for initiation of endocytosis and lysosomal degradation of the IL-5-ligated IL-5Rα and βc. This hypothesis was tested using inhibitors that block internalization of plasma membrane proteins. Pretreatment of cells for 1 hour with 10 µM cytochalasin D, a potent inhibitor of actin filament function, did not affect proteasomal degradation of the βc cytoplasmic domain, since β IP was still induced by IL-5 (Figure 5a, lanes 3 and 4) . However, treatment of the cells with cytochalasin D did result in accumulation of β IP protein (and βc to a lesser extent) after 2 hours of IL-5 stimulation, whereas levels of both proteins were reduced in the absence of the inhibitor (Figure 5a , lanes 5 and 6). Reprobing the membrane with anti-IL-5Rα antibodies revealed that cytochalasin D also caused accumulation of IL-5Rα protein that coimmunoprecipitated with βc and β IP (Figure 5a, bottom panel) . Thus, endocytosis of the IL-5R complex occurs after proteasomal degradation of the βc cytoplasmic domain. Identical results were seen with two other inhibitors of endocytosis, cytochalasin B and wortmannin (data not shown).
To determine the fate of the β IP /IL-5Rα complex after endocytosis, we analyzed the disappearance of βc and β IP in the presence of bafilomycin A 1 (Figure 5b ). Bafilomycin A 1 is a specific inhibitor of the vacuolar proton pump ATPase, and is known to prevent acidification of endocytic structures, thereby inhibiting lysosomal degradation (40, 41) . Cells were pretreated for 1 hour with 200 nM bafilomycin A 1 , followed by IL-5 stimulation for the indicated times. To analyze the fate of IL-5Rα that coimmunoprecipitated with βc and β IP , the blot in Figure  5b was stripped and reblotted with anti-IL-5Rα antiserum. Like βc and β IP , coimmunoprecipitated IL-5Rα protein persisted at the same timepoints in the presence of bafilomycin A 1 (data not shown), indicating that degradation of the ligated receptor complex was blocked. In aggregate, these data demonstrate that following IL-5 binding to its full-length receptors, βc is cleaved by the proteasomes and endocytosed, and then the truncated receptor complex is degraded in the lysosomes.
Reduced βc protein expression results in heterotypic desensitization of cytokine signaling. Since total βc levels are reduced after IL-5 stimulation, we predicted that a physiologic consequence of this effect would be decreased cellular responsiveness to further stimulation by any βc-ligating cytokine. To test our hypothesis, cells were cytokinestarved for 24 hours, then either left unstimulated or stimulated with IL-5 for 5 minutes or 1 hour, and then restimulated with IL-3 for 5 minutes (after washing away the remaining IL-5 in the culture media). Cellular responsiveness to cytokine stimulation was determined by tyrosine phosphorylation of βc. Whole-cell lysates were prepared and immunoprecipitated with anti-βc antibodies, then immunoblotted with anti-phosphotyrosine monoclonal antibody (4G10). As seen in Figure 6a (lane 4, top panel), when cells were pretreated with IL-5 for 1 hour, followed by a 5-minute pulse with IL-3, βc tyrosine phosphorylation was barely detectable compared with lane 5, which represents cells that have only been stimulated with IL-3 for 5 minutes. Furthermore, following IL-5 activation of JAK2 and STAT5, restimulation with IL-3 did not induce tyrosine phosphorylation of JAK2 and STAT5 (data not shown). Reblotting the membrane in the top panel of Figure 6a with anti-βc antibodies revealed that after 1 hour of IL-5 stimulation, total βc protein levels were reduced by about 50% and β IP was generated (Figure 6a, bottom panel, lanes 3 and 4) . In addition, identical results were seen with cells that were pretreated with GM-CSF and then restimulated with IL-5 ( Figure 6b ). These data are consistent with a model of heterotypic desensitization in which cells recently stimulated with one βc-engaging cytokine are less responsive to further signaling by any cytokine that requires βc for signal transduction.
Discussion
These data demonstrate a novel mechanism for heterotypic desensitization of the βc transmembrane receptor. In this mechanism, agonistic ligation is terminated by proteasomal degradation of the βc cytoplasmic domain, followed by endocytosis and degradation of the βc external domain by lysosomes. This model is depicted in Figure 7 , which illustrates five sequential steps described in this report involving IL-5R. First, IL-5 engagement of IL-5Rα leads to the recruitment of βc to form the high-affinity IL-5R. Second, agonistic signaling pathways are activated within seconds, with phosphorylation of tyrosine and serine residues in the βc cytoplasmic domain (7, 8, 42) . Third, proteasomes rapidly degrade the cytoplasmic domain of the ligated βc, thereby terminating signal transduction by elimination of the phosphorylated βc residues. This βc remnant, termed β IP , remains associated with IL-5Rα on the cell surface. Fourth, IL-5Rα and β IP are endocytosed, and fifth, they are degraded in lysosomes. It was speculated that such a model was a potential mechanism for modulation of some mammalian receptors (43) , and our data confirm the existence of such a mechanism. Moreover, inhibition of proteasomal degradation of the βc cytoplasmic domain was accompanied by persistence of βc tyrosine phosphorylation with ongoing downstream signaling, as evidenced by persistence of JAK2 and STAT5 tyrosine phosphorylation. Such prolonged signaling suggests that proteasomal degradation of the βc cytoplasmic domain is an important, and possibly predominant, mechanism for rapid termination of βc signal transduction.
Several studies have also investigated a role for proteasomes in dampening cytokine signaling (27) (28) (29) . However, the precise mechanisms by which proteasomes might mediate such effects have remained speculative. Suggested alternative models of such proteasomal modulation of cytokine receptors have included: (a) proteasomal degradation of the cytokine receptor after receptor endocytosis, as a part of proteolytic clearance of an expended receptor (21) (22) (23) (24) (25) (26) , (b) proteasomal degradation of cytokine receptor adapter or downstream signaling molecules, and (c) proteasomal degradation of the signaling cytoplasmic domain of the cytokine receptor prior to endocytosis for lysosomal proteolysis of the residual expended receptor. Our studies provide direct evidence for the latter mechanism, but do not exclude the possibility that the second alternative also occurs.
Further insight into the mechanisms of proteasomal modulation of cytokine receptors is also provided by the targeted proteasomal degradation of the βc, but not the IL-5Rα, cytoplasmic domain. This is consistent with the selective proteasomal degradation of only the IL-2Rβ and the IL-9Rα subunits of IL-2R and IL-9R, respectively (25) . None of the previously reported proteasome-regulated receptors have been a shared cytokine receptor subunit, as βc is. Thus, the regulatory consequence of proteasomal degradation of IL-2Rβ and IL-9Rα was cytokine specific. By contrast, our studies demonstrate that the consequence of proteasomal degradation of βc is both homotypic and heterotypic desensitization to signaling by all of the βc-engaging cytokines.
Based on β IP 's molecular mass and characterization with domain-specific antibodies, the termination of proteasomal degradation of βc's cytoplasmic domain is predicted to occur between residues 490-505. These amino acids are membrane-proximal to important regulatory sequences required for activation of the Ras/MAPK, JAK/STAT, and PI 3-K signaling pathways, including the binding/activation sites for Shc (Y-577), SHP-2 (Y-612), and STAT5 (Y-612, Y-695, and Y-750). The absence of phosphorylated tyrosines on β IP is in agreement with this predicted structure and loss of signaling capacity.
The ligand-induced activation signal that targets βc's cytoplasmic domain for proteasomal degradation is not known. However, ubiquitination of βc suggests a ubiquitin-dependent proteasomal degradation pathway. It is possible that phosphorylation of residues in βc's cytoplasmic domain might be a prerequisite for its ubiquitination and degradation. It is also tempting to speculate that βc's association with IL-5Rα leads to a change in receptor conformation that exposes a previously masked ubiquitination site that allows for proteasomal recruitment. Indeed, coimmunoprecipitation analyses revealed that c-Cbl (44), a ubiquitin protein ligase, associates with βc after IL-5 stimulation (data not shown).
Another finding from our studies was the existence of IL-5-induced differential regulation of IL-5Rα and sIL-5Rα expression. Such differential regulation of receptor isoforms has been recently suggested for IL-5Rα (45) and for GM-CSFRα (46) . The observed reduction in IL-5Rα mRNA levels is in agreement with a previous report using eosinophils (47) , and may be due to decreased mRNA stability; this would account for a reduction in IL-5Rα protein expression. Alternatively, IL-5 stimulation could lead to termination or repression of IL-5Rα mRNA splicing, since this transcript is the splice product of the gene (36) . In either case, the result would be additive to the reduction of IL-5Rα protein resulting from endocytic degradation of the ligated receptor.
The physiologic consequences of IL-5-induced changes in βc, IL-5Rα, and sIL-5Rα may be dependent on the differentiation stage of the responding cell. The decreased expression of IL-5Rα and βc, coupled with increased expression of sIL-5Rα, would likely provide autocrine downregulation of IL-5 signaling during cellular differentiation. Proteasomal degradation of activated βc receptors would also provide a mechanism that enables a cell that expresses receptors to more than one of the three βc-ligating cytokines (IL-5, IL-3, and GM-CSF) to limit paracrine cytokine responsiveness. Such paracrine regulation may be crucial for enabling progenitor cells to differentiate along divergent pathways, and may be a common mechanism used by other shared cytokine receptor subunits for heterotypic desensitization.
